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ABSTRACT 9 
 10 
        The thermal performance of triple vacuum glazing (TVG) with one to four internal glass surfaces coated with a 11 
low-e (emittance) coating was simulated using a finite volume model. The simulated TVG comprises three, 4 mm 12 
thick glass panes with two vacuum gaps, sealed with indium metal and separated by an array of stainless steel 13 
pillars, 0.2 mm high, 0.3 mm diameter and spaced at 25 mm. The simulation results show that decreasing the 14 
emittance of the four low-e coatings from 0.18 to 0.03 reduces the heat transmission U-values at the centre-of-15 
glazing area from 0.41 W.m
-2
.K
-1
 to 0.22 W.m
-2
.K
-1
 for a 0.4 m by 0.4 m TVG rebated by 10 mm within a solid wood 16 
frame. When using three low-e coatings in the TVG in a heating dominated climate, the vacuum gap with two low-e 17 
coatings should be set facing the warm environment, while the vacuum gap with one coating should face the cold 18 
environment. When using two low-e coatings with an emittance of 0.03, the U-values at the centre-of-glazing area 19 
with one coating in both vacuum gaps is 0.25 W.m
-2
.K
-1
; that with two coatings in the cold facing vacuum gap is 20 
0.50 W.m
-2
.K
-1
 and that with two low-e coatings in the warm facing vacuum gap is 0.33 W.m
-2
.K
-1
. Thus setting one 21 
low-e coating in both vacuum gaps is better than setting two coatings in the same vacuum gap. The thermal 22 
performance of fabricated 0.4 m by 0.4 m TVGs with two and three low-e coatings were experimentally 23 
characterised and were found to be in very good agreement with simulation results.    24 
 25 
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 27 
1. INTRODUCTION 28 
 29 
The concept of vacuum glazing was first patented by Zoller [1]. Since the publishing of the patent nearly 90 30 
years ago, there have been many further patents on vacuum glazing [2, 3]. However the first fabricated vacuum 31 
glazing was reported by a team at the University of Sydney in 1989 which used a solder glass with a melting point 32 
of 450 ºC to seal the periphery of the vacuum gap [4]. Since then a number of edge sealing techniques have been 33 
proposed such as a Spring Band Edge Seal [5], a novel solder glass sealing process [6] and an Alkali Silicate Edge 34 
Seal [7]. Collaborating with Baechli [8], the Fraunhofer Institute for Solar Energy Systems [9] developed an edge 35 
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 seal for vacuum glazing based on a sputtered metallic layer and a soldering technique, but this work has not been 36 
published in a scientific journal. Recently, EverSealed Windows Inc. (US) [10, 11] and the German consortium 37 
ProVIG [12] designed a vacuum glazing where a thin, flexible strip of metal is bonded to the glass using ultrasonic 38 
welding or a soldering process. This flexible edge seal was designed to accommodate the differential thermal 39 
expansion of the glass panes when subjected to a large temperature difference (e.g. 35 
o
C) between the indoor and 40 
outdoor environments. A thermal transmission (U-value) of 0.5 W.m
-2
.K
-1
 for vacuum glazing using these 41 
technologies has been achieved. However, such technologies are still in the development stage.  42 
       Using the method developed by the University of Sydney, samples up to 1 m by 1 m with a U-value of 0.80     43 
W.m
-2
.K
-1
 in the centre-of-glazing area with a pillar diameter of 0.25 mm have been produced in the laboratory [13]. 44 
Due to the high fabrication temperature, many soft coatings and tempered glass cannot be used, since both will 45 
degrade at this sealing temperature. The second fabrication method was developed by a team at Ulster University 46 
[14, 15]. In this method, an indium based alloy with a melting temperature of less than 200 °C was used as the edge 47 
sealant, making the use of a wide range of soft coatings and tempered glass possible. For 0.4 m by 0.4 m samples, a 48 
U-value of 0.86 W.m
-2
.K
-1
 at the centre-of-glazing area with a pillar diameter of 0.4 mm has been achieved 49 
experimentally [16]. 50 
       It has been shown that when the vacuum pressure between the glass sheets is lower than 0.1 Pa, the heat 51 
convection and conduction of gas can be ignored [13]. Both analytic and finite element models have proved that the 52 
heat transfer in the centre-of-glazing depends on the heat conduction through the support pillar arrays and radiative 53 
heat flow between the glass sheets. Infrared thermographs reveal a small variation in glass surface temperature that 54 
occurs over the support pillars [17]. To further reduce heat transfer through the centre-of-glazing area, two possible 55 
approaches could be considered. The first is to reduce the pillar diameter or increase the spacing, however beyond 56 
certain limits, the glass will fracture. The minimum diameter is restricted by mechanical rules outlined by Collins 57 
and Simko [13]. The second possible approach is to reduce radiative heat transfer by reducing the emittance of the 58 
low-e coating. The lowest emittance of a soft low-e coating achieved so far is 0.02. When these approaches are at 59 
limiting values, the principle way to further reduce the heat transmission of vacuum glazing is to add a second 60 
vacuum gap by integrating a third glass sheet with a low-e coating. A team of Swiss Federal Laboratories for 61 
Material Testing and Research has presented the viability of triple vacuum glazing (TVG) [18]. The mechanical 62 
design constraints were investigated and a U-value of 0.2 W.m
-2
.K
-1
 in the centre-of-glazing area was predicted 63 
when using an array of stainless steel pillars with a diameter of 0.3 mm and four low-e coatings within two vacuum 64 
gaps. Based on the finite volume model which has been experimentally validated using double vacuum glazing 65 
(DVG) samples [19, 20] a three-dimensional finite volume model to simulate the thermal performance of the entire 66 
TVG was developed. In this model, the support pillar arrays within the two vacuum gaps were incorporated and 67 
modelled directly. The circular cross section of the pillar in a fabricated system was modelled as a square cross 68 
section pillar of equal area in the model. It has been proven that the heat flow through the square and circular 69 
support pillars with the same cross sectional areas is the same [18]. An optimized mesh is generated with a high 70 
density of nodes in and around the pillar to provide high accuracy for the heat transfer calculation. Using this finite 71 
volume model, Fang et al. [20] investigated the effect of vacuum gap edge seal material and width, frame rebate 72 
 depth and glazing size on the thermal performance of the TVG. In previous research on DVG, this finite volume 73 
model has been employed to investigate the effect of hard and soft low-e coatings on the thermal performance of 74 
DVG and has been experimentally validated [21].  75 
      The objective of this paper is to theoretically and experimentally investigate the effects of the emittance value 76 
and the number and location of the low-e coated surfaces within the vacuum gaps on the thermal performance of the 77 
TVG. Based on the investigation results, optimisation for the low-e coating position on glass surfaces 2-5 (Fig. 1) 78 
within two vacuum gaps is then achieved when using one to three low-e coatings in the TVG.   79 
 80 
NOMENCLATURE 81 
 82 
a           Radius of support pillar (m) 83 
h           Surface heat transfer coefficient (W.m
-2
.K
-1
) 84 
k           Thermal conductivity (W.m
-1
.K
-1
) 85 
p           Pillar separation (m) 86 
R          Thermal resistance (m
2
.K.W
-1
) 87 
t            Thickness of glass pane (m) 88 
T           Temperature (ºC) 89 
U          Thermal transmission (W.m
-2
.K
-1
) 90 
  91 
Greek letters 92 
ε            Hemispheric emittance of a surface 93 
σ            Stefan-Boltzmann constant (5.6710-8 W.m–2.K–4) 94 
∆ Mean surface temperature difference between glass panes I, II, III. 95 
Subscripts 96 
1 to 6     Refer to surfaces of glass panes shown in Fig. 1 97 
I, II, III  Refer to the first, second and third glass panes  98 
i,o Refer to warm and cold ambient temperatures 99 
g            Glass  100 
m           Glass pane number of the TVG 101 
n Vacuum gap number 102 
p Pillar 103 
r Radiation 104 
tot Total resistance of triple vacuum glazing 105 
 106 
2. RESEARCH METHODOLOGY 107 
 108 
        The methodology adopted in this research was to use analytic and finite element models to investigate the 109 
thermal performance of TVG with a range of low-e coatings. A number of TVGs with various coating setting 110 
methods were fabricated and their U-values experimentally determined by using a guarded hot box calorimeter 111 
developed at Ulster University. The experimentally determined U-values are compared with the simulation results.            112 
 113 
2.1 HEAT TRANSFER THROUGH TVG 114 
      The schematic diagram of a TVG cross section showing heat transfer mechanisms through the glazing 115 
components is shown in Fig. 1, which is not to scale. The support pillars and vacuum gap widths are significantly 116 
exaggerated.  117 
 118 
(Fig. 1) 119 
 120 
        Fig. 1 shows the heat transfer across the TVG by: 1) conduction and radiation from the indoor ambient to the 121 
glass pane surface 6, 2) conduction across the indoor side glass pane to surface 5; 3) radiation between surfaces 5 122 
and 4, conduction through the pillar array within vacuum gap 2 and heat conduction through the edge seal of 123 
vacuum gap 2; 4) conduction across the middle glass pane from surface 4 to surface 3; 5) radiation between surfaces 124 
3 and 2, conduction through the pillar array within vacuum gap 1 and conduction through the edge seal of vacuum 125 
gap 1; 6) conduction across the outdoor glass pane from surface 2 to surface 1; 7) convection and radiation from the 126 
cold side surface 1 to the cold ambient. The analytic and finite element models for analysing the heat flow through 127 
the centre-of-glazing were established by Manz et al. [18]. The heat transmissions calculated by both models were in 128 
very good agreement.  129 
 130 
2.2 ANALYTIC MODEL APPROACH       131 
 132 
       Due to symmetry, the analysis of the unit cell allowed for a reduction in the computer simulation time for the 133 
overall glazing. The influence of low-e coating on TVG thermal performance was analysed using the thermal 134 
network [18, 20] of a 25 mm by 25 mm unit cell with a pillar in the centre at the centre-of-glazing area and is 135 
presented in Fig. 2 (a) and (b).  136 
 137 
(Fig. 2) 138 
 139 
      The thermal resistance associated with the heat flow per m
2
 due to heat conduction of each glass pane is given 140 
by:  141 
g
m
mg
k
t
R ,    (1) 142 
 143 
where tm is the thickness of glass pane m, where m (I, II, III), kg is the thermal conductivity of glass. 144 
  145 
     The thermal resistance associated with radiative heat flow between the glass surfaces within each of the vacuum 146 
gaps is:  147 
 148 
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 152 
where ε2 ,ε3, ε4 and ε5 are the hemispheric emittance of glass surfaces 2, 3, 4, and 5 within vacuum gaps 1 and 2 as 153 
shown in Figs. 1 and 2; the ε2,3 and ε4,5 are combined effective emittances of surfaces in vacuum gaps 2 and 1; σ is 154 
the Stefan-Boltzmann constant; T2,3 and T4,5 are the mean temperatures in Kelvin of glass surfaces 2, 3 and 4, 5 155 
respectively in vacuum gaps 1 and 2. The thermal resistance associated with the heat conduction through the support 156 
pillars in vacuum gap n (1 or 2) is determined by equation 4 [13]:  157 
 158 
ak
p
R
g
np
2
2
,       (4) 159 
 160 
where a is the radius of the cylindrical pillar. The thermal resistance of the middle glass pane is divided into two 161 
equal thermal resistances, therefore the total thermal resistance associated with the heat flow between surfaces 1 and 162 
6 is determined by equation 5:  163 
 164 
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   166 
      The thermal resistances associated with the heat flows Ri and Ro at the glazing surfaces 6 and 1 are the inverse of 167 
the surface heat transfer coefficients, i.e. Ri = 1/hi and Ro = 1/ho. The total heat transmission [18] of the unit cell at 168 
the centre-of-glazing area is then given by:  169 
 170 
ototi
tot
RRR
U


1
   (6)  171 
 172 
      The heat flow through the entire TVG is the sum of heat flow across the centre-of-glazing area where the 173 
combined effective emittances of surfaces in gaps 1 and 2 play the significant role as shown by equations 2 and 3 174 
 and the heat flow through the edge area including the heat conduction through the edge seal, whose analytic model 175 
is presented in the literature [13].  176 
 177 
2.3 FINITE VOLUME APPROACH 178 
 179 
       The finite volume model of Fang et al., [19] for DVG was adapted to suit the structure of TVG. The heat 180 
transmission calculated for TVG using this finite volume model was in very good agreement with that of Manz et al 181 
[18] and Fang et al. [20]. The detailed description for the finite volume model is presented in Fang et al., [21]. The 182 
simulated thermal transmission of a standard unit containing a pillar in the centre of a 25 mm by 25 mm centre-of-183 
glazing area was in good agreement with the result calculated using the analytical model with a 1.8% variation [20] 184 
which is comparable with the variation (2%) of Manz et al. [18]. With the 8585 nodes distributed on the y and z 185 
directions on the glazing surface and with 20 nodes on the x direction, the U-value at the centre-of-glazing for DVG 186 
with emittance of 0.02 was determined to be 0.36 W.m
-2
.K
-1
 with two low-e coated 6 mm thick glass panes. This is 187 
comparable to the findings of Griffiths et al. [15], Fang et al. [20] and Manz et al. [18]. This level of agreement is 188 
satisfactory to simulate a practical heat flow with high accuracy.                           189 
 190 
3. INFLUENCE OF LOW-E COATINGS ON THE THERMAL PERFORMANCE OF TVG  191 
 192 
        The simulated TVGs consisted of three 4 mm thick glass panes, sealed by two indium alloy based edge seals 6 193 
mm wide and rebated into a solid wood frame with a rebate depth of 10 mm as shown in Fig. 1. The two 0.12 mm 194 
wide vacuum gaps were maintained by two pillar arrays with a pillar diameter of 0.3 mm and spaced at 25 mm. The 195 
thermal conductivity of indium alloy, glass, pillar and wood frame were 83.7 W.m
-1
.K
-1
, 1 W.m
-1
.K
-1
, 20 W.m
-1
.K
-1
 196 
and 0.17 W.m
-1
.K
-1
 respectively. In the simulation the air temperatures in the hot and cold sides were 20 ºC and 0 ºC; 197 
the glazing surface heat transfer coefficients at the hot and cold sides were 7.7 W.m
-2
.K
-1
 and 25 W.m
-2
.K
-1
 198 
respectively in accordance with the requirement of  ISO standard 10077-1[22]. 199 
 200 
3.1 SIMULATED TVG THERMAL PERFORMANCE WITH FOUR LOW-E COATINGS 201 
 202 
       With these boundary conditions and configuration parameters the thermal performance of TVG with four low-e 203 
coatings of 0.03 and 0.18 emittance were calculated. The use of four coatings within the TVG is the best case 204 
scenario. With the boundary conditions above and configuration parameters, the 3-D isotherms of the 0.4 m by 0.4 205 
m TVG with four 0.03 emittance coatings were calculated and are illustrated in Fig. 3, which show the temperature 206 
gradient across the three glass panes due to the high thermal resistance of the two vacuum gaps. 207 
 208 
(Fig. 3) 209 
 210 
       For a TVG with four low-e coatings of 0.03 emittance, the U-values of the centre-of-glazing and total glazing 211 
areas are 0.22 W.m
-2
.K
-1
 and 0.64 W.m
-2
.K
-1
, which are comparable to the result of Manz et al. [18]. For a TVG with 212 
four low-e coatings with emittance of 0.18 emittance, the U-values of the centre-of-glazing and total glazing areas 213 
are 0.41 W.m
-2
.K
-1
 and 0.80 W.m
-2
.K
-1
. The mean surface temperature difference between the indoor and outdoor 214 
glass panes, that between the indoor and middle glass panes; that between the outdoor and middle glass panes for the 215 
TVG with emittance of 0.03 and 0.18 are listed in Table 1.  216 
 217 
(Table 1) 218 
 219 
      The temperature difference between the indoor and outdoor glass panes with an emittance of 0.03 is 1.4 °C 220 
higher than that with an emittance of 0.18. Equations 2 and 3 show that although the effective emittances ε2,3 and ε4,5 221 
of the two opposite surfaces within vacuum gaps 1 and 2 are equal, a difference in the mean temperatures T2,3, and 222 
T4,5 of glass surfaces 2, 3 and 4, 5 in vacuum gaps 1 and 2 results in a difference in the thermal resistances R1,r, and 223 
R2,r of vacuum gaps 1 and 2.  224 
 225 
     The U-values at the centre-of-glazing and total glazing areas of 0.4 m by 0.4 m and 1m by 1 m TVGs with four 226 
low-e coatings with emittance between 0.03 and 0.18 rebated within a solid wooden frame with a 10 mm rebate 227 
depth are shown in Fig. 4. For comparison, the U-values of 0.4 m by 0.4 m and 1 m by 1 m DVG with two low-e 228 
coatings with emittances between 0.03 and rebated within a solid wood frame with a 10 mm rebate depth are also 229 
included in Fig. 4.  230 
 231 
(Fig. 4) 232 
 233 
       Fig, 4 shows that if using 0.18 emittance low-e coatings, the difference in U-value between the DVG and TVG 234 
with dimensions of 0.4 m by 0.4 m or 1 m by 1 m is larger than that if using 0.03 emittance low-e coatings. The 235 
difference in U-value at the total glazing area between the 1 m by 1 m TVG and DVG is larger than that between the 236 
0.4 m by 0.4 m TVG and DVG. Fig. 4 also shows that the difference in U-value of the total glazing area between the 237 
0.4 m by 0.4 m and 1 m by 1 m TVGs is much larger than that between the 0.4 m by 0.4 m and 1 m by 1 m DVG, 238 
since lateral heat conduction through the edge area of the TVG is larger than that of the DVG. This indicates that 239 
larger size TVGs have a greater advantage over smaller size TVGs in comparison to the DVG. Fig. 4 also shows that 240 
the U-values at the centre-of-glazing area for 0.4 m by 0.4 m and 1 m by 1 m TVG are the same; while the U-values 241 
at the centre-of-glazing area for 0.4 m by 0.4 m and 1 m by 1 m TVG are very close with a difference of less than 242 
0.03 W.m
-2
.K
-1
. For the TVG, the influence of the lateral heat conduction through the edge seal on the U-value at the 243 
centre-of-glazing area is larger than that in the DVG. The influence of lateral heat conduction on the U-value at the 244 
centre-of-glazing area of the 0.4 m by 0.4 m TVG is larger than that of the 1 m by 1 m TVG, leading to an increase 245 
in the U-value at the centre-of-glazing area of the 0.4 m by 0.4 m TVG compared to the 1 m by 1 m TVG, 246 
nevertheless this difference is very small. 247 
  248 
3.2 SIMULATED TVG THERMAL PERFORMANCE WITH THREE LOW-E COATINGS     249 
 250 
        In the first stage of TVG fabrication, a low-e coated glass is used with one coating in one vacuum gap and with 251 
two coatings in the second vacuum gap with a 10 mm frame rebate depth within a solid wood frame. In the 252 
simulation, two scenarios were considered for the orientation of the low-e coatings. In method 1, surfaces 2 and 3 in 253 
the cold side vacuum gap and surface 5 in the warm side vacuum gap were low-e coated as shown in Fig. 1. In 254 
method 2, surface 2 in the cold side vacuum gap and surfaces 4 and 5 in the warm side vacuum gap were low-e 255 
coated. The U-values at the centre-of-glazing and total glazing areas of the TVGs with 0.4 m by 0.4 m and 1 m by 1 256 
m dimensions and three low-e coatings with emittance between 0.03 and 0.18 with setting methods 1 and 2 were 257 
calculated and are presented Fig. 5. 258 
 259 
(Fig. 5)  260 
 261 
        Fig. 5 shows that for the TVG with three low-e coatings, the difference in U-values at the centre-of-glazing area 262 
between 0.4 m by 0.4 m and 1 m by 1 m TVG with setting methods 1 and 2 is negligible. The difference in U-values 263 
of the total glazing areas of the 0.4 m by 0.4 m and 1 m by 1 m TVGs with 0.18 emittance coatings is larger than 264 
that with 0.03 emittance coatings, although this difference is very small. These results indicate that when using three 265 
0.18 emittance coatings in a TVG, setting method 2 provides a lower U-value than setting method 1; when using 266 
three 0.03 emittance coatings, the setting method is less important compared to using  0.18 emittance coatings. For 267 
0.4 m by 0.4 m TVG with three 0.03 emittance coatings, the difference in U-value of the total glazing area between 268 
the setting method 1 and 2 is negligible.  269 
  270 
3.3 SIMULATED THERMAL PERFORMANCE OF TVG WITH TWO LOW-E COATINGS 271 
 272 
         The U-values of 0.4 m by 0.4 m and 1 m by 1 m TVGs with two low-e coatings with emittances between 0.03 273 
and 0.18 were simulated and are presented in Figs. 6 and 7. Three setting methods of the two low-e coatings were 274 
considered. Setting method 3: surfaces 5 in the warm side and 2 in the cold side vacuum gaps were low-e coated; 275 
Setting method 4: surfaces 3 and 2 in the cold side vacuum gap were low-e coated; Setting method 5: surfaces 4 and 276 
5 in the warm side vacuum gap were low-e coated. The U-value of 0.4 m by 0.4 m and 1 m by 1 m TVGs with 0.03 277 
emittance coatings using the three setting methods are compared in Fig. 8. 278 
 279 
(Fig. 6) 280 
 281 
       Fig. 6 shows that for 0.4 m by 0.4 m TVG with two coatings, setting one coating in both of the vacuum gaps 282 
(setting method 3) gives the lowest U-value, while setting two coatings in the cold side vacuum gap (setting method 283 
4) gives the highest U-value; the U-value of the TVG with two coatings in the warm side vacuum gap (setting 284 
 method 5) is in between. These are reflected by the temperature differences between the warm side and cold side 285 
glass panes in setting methods 3, 4, 5, which are 10.5 
o
C, 8.6 
o
C and 9.3
 o
C respectively. These results are in good 286 
agreement with those calculated using equations 1 to 6 of the analytic model explained in section 2.1.  287 
 288 
(Fig. 7) 289 
 290 
       Fig. 7 shows that when using two coatings in TVG, setting one coating in each vacuum gap at surfaces 5 and 2 291 
will give lowest U-value. Comparing Figs. 6 and 7, it can be seen that the difference in U-values for setting methods 292 
3, 4 and 5 for the 0.4 m by 0.4 m TVG is larger than that for the 1 m by 1 m TVG. This means that for 0.4 m by 0.4 293 
m TVG with two low-e coatings, the influence of setting method is more significant compared to the 1 m by 1 m 294 
TVG. This is due to increased lateral heat transfer through the edge area of the 0.4 m by 0.4 m TVG compared to 295 
that of the 1 m by 1 m TVG.   296 
 297 
(Fig. 8) 298 
 299 
        Fig. 8 shows that with setting methods 3 and 5, the U-values at the centre-of-glazing of 0.4 m by 0.4 m and 1 m 300 
by 1 m TVGs with two 0.03 emittance coatings are approximately the same; while with setting method 4, the U-301 
value at the centre-of-glazing of 0.4 m by 0.4 m TVG is larger than that of the 1 m by 1 m TVG. This is because in 302 
method 4, there is increased lateral heat conduction from the warm side glass pane to the middle and cold side glass 303 
panes compared to that in methods 3 and 5, and therefore the U-value at the centre-of-glazing area of 0.4 m by 0.4 m 304 
TVG is larger than that of 1 m by 1 m TVG.   305 
 306 
3.4 SIMULATED THERMAL PERFORAMNCE OF TVG WITH ONE LOW-E COATING 307 
 308 
        When using only one coating with an emittance of 0.03 in the 0.4 m by 0.4 m TVG, the U-values at the centre-309 
of-glazing and total glazing areas were calculated and are illustrated in Fig. 9. Two setting methods were considered: 310 
method 6, one low-e coating in the cold side vacuum gap on surface 2; method 7, one low-e coating in the warm 311 
side vacuum gap on surface 5. The U-values of 0.4 m by 0.4 m and 1 m by 1 m TVGs with both setting methods are 312 
compared in Fig. 10. 313 
 314 
(Fig. 9) (Fig. 10) 315 
 316 
       Figure 9 shows that the U-value of the 0.4 m by 0.4 m TVG with setting method 7 is lower than that with setting 317 
method 6, since the low-e coating at the warm side glass pane surface can more efficiently reduce the radiative heat 318 
transfer across the TVG than that with the coating at the cold side glass pane. Fig. 10 shows that the U-values at 319 
both the centre-of-glazing and total glazing area of the 1m by 1 m TVG with one coating in the cold side vacuum 320 
gap are higher those with one coating in the warm side vacuum gap. The difference in U-value of the total glazing 321 
 area from using the two setting methods is larger for the 0.4 m by 0.4 m TVG compared to the 1 m by 1 m TVG. 322 
Fig. 10 also shows that with one coating in the warm side vacuum gap, the U-value at the centre-of-glazing area of 323 
the 0.4 m by 0.4 m and 1 m by 1 m TVG are approximately same, but with one coating in the cold side vacuum gap, 324 
the U-value at the centre-of-glazing area of the 0.4 m by 0.4 m TVG is larger than that of the 1 m by 1 m TVG. This 325 
is because: firstly, with no coating in the warm side vacuum gap, radiative heat transfer across the warm side 326 
vacuum gap is significant; Secondly, increased radiative heat transfer from the warm side glass pane to the middle 327 
glass pane is then conducted through the edge seal to the cold side glass panes by lateral heat transfer, leading to an 328 
increased U-value at the centre-of-glazing for the 0.4 m by 0.4 m TVG compared to the 1 m by 1 m TVG. When the 329 
single coating is set in the warm side vacuum gap in both 0.4 m by 0.4 m and 1 m by 1 m TVGs, the lateral heat 330 
transfer through the edge seal is much smaller than that when the single coating is set in the cold side vacuum gap. 331 
This indicates that setting the low-e coating at the warm side glass pane is very important for reducing the overall 332 
heat transfer through the glazing.       333 
 334 
3.5 SIMULATED THERMAL PERFORMANCE OF TVG WITH ONE, TWO, THREE AND FOUR LOW-E 335 
COATINGS 336 
 337 
       The U-values of the 0.4 m by 0.4 m and 1 m by 1 m TVGs with one coating at surface 5, two at surfaces 2 and 338 
5, three at surfaces 3, 4, and 5 and four at surfaces 2, 3, 4 and 5 with emittance of 0.03 and 0.18 are compared in 339 
Figs. 11 and 12. Based on the number of coatings within the TVG the setting methods giving a lowest thermal 340 
transmittance are selected.  341 
 342 
(Fig. 11) (Fig. 12)   343 
 344 
       Figures 11 and 12 show that the U-value decreases with increasing the number of low-e coatings. The difference 345 
in U-value between TVGs with one and two coatings is much larger than that of the TVGs with two and three 346 
coatings. The difference in U-value at both the centre-of-glazing and total glazing areas of TVGs with two and three 347 
low-e coatings is larger than that of TVGs with three and four low-e coatings. This indicates that the impact of the 348 
number of low-e coatings has on the thermal performance of TVG decreases with an increasing number of coatings. 349 
In Fig. 11, the difference in U-value at centre-of-glazing and total glazing areas of TVGs with three and four 0.03 350 
emittance coatings is small. Therefore when applying 0.03 emittance coatings, using two coatings (one in both 351 
vacuum gaps) is more practical than using three low-e coatings in the TVG due to increased solar heat gain and 352 
visible light transmission. Comparing Fig. 11 and Fig. 12 it can be seen that the difference in U-value of TVG as a 353 
result of increasing the number of 0.18 emittance coatings is larger than that as a result of increasing the number of 354 
0.03 emittance coatings. This is because the U-value of the TVG with 0.03 emittance coatings is much lower than 355 
that with 0.18 emittance coatings. When using 0.18 emittance coatings in a TVG, applying three coatings is practical 356 
in terms of thermal performance improvement when using the best coating setting method. 357 
 358 
 4. EXPERIMENTAL VALIDATION OF THE THERMAL PERFORMANCE OF TVG WITH TWO AND 359 
THREE LOW-E COATINGS 360 
 361 
       Fabricating TVG requires the formation of a leak-free seal around its perimeter; this is accomplished by 362 
bonding the three glass sheets together with indium using an ultrasonic soldering process and the application of a 363 
secondary seal to prevent moisture ingress from occurring. This technique, developed at the Ulster University [15, 364 
16, 14], enables TVG to be produced at a temperature of less than 160
o
C.  365 
      The sealing of the glass panes is carried out in a vacuum oven in which the glazing is heated up to 160°C. Prior 366 
to fabrication, a hole is drilled in two of the glass panes; one hole in the upper glass pane for evacuation purpose and 367 
another hole in the middle pane which separates the two vacuum spaces. After the edge seal formation and 368 
subsequent cool down of the glazing assembly, a turbo molecular vacuum pump is connected to the glazing via a 369 
pump-out cup which uses an O-ring seal on the upper glass sheet around the pump out hole. During evacuation the 370 
glazing assembly is re-heated to 150°C in a bake-out oven to outgas the internal glazing surfaces. After evacuation is 371 
completed the pump-out hole is sealed using a glass cover disc pre-coated in indium which has been described in 372 
detail elsewhere [16]. Fig. 13 shows a schematic diagram of a TVG. The fabricated glazing comprises three 4 mm 373 
thick glass panes, 0.4 m by 0.4 m, with low-e coatings with emittance of 0.18 on one or more of the internal glass 374 
surfaces. The glass sheets, separated by arrays of tiny support pillars on a regular square grid, are sealed together 375 
around the edges to form narrow evacuated spaces. The support pillars, made of stainless steel have a diameter of 376 
0.4mm and a height of 0.15 mm. 377 
 378 
(Fig. 13) 379 
 380 
        Two 0.4 m by 0.4 m TVGs with three, 4 mm thick glass panes were fabricated using the method detailed by 381 
Arya et al. [17]. Three low-e coated glass panes with emittance of 0.18 were used within the first TVG and two low-382 
e coated glass panes with emittance of 0.18 in the second TVG. The U-values of the TVG were experimentally 383 
determined using a guarded hot box calorimeter [19] as shown in Fig. 14. The hot box calorimeter was designed in 384 
accordance with the British Standard methods for determining the thermal insulating properties [24] and the 385 
international standard [25]. The calorimeter comprises a hot and cold chamber separated by a mask wall. An opening 386 
is provided in the centre of the mask wall where a frame is installed which can accommodate a TVG of 0.4 m by 0.4 387 
m. Electrical heaters and fans are used to create a uniform temperature in the chambers. A metering box is located 388 
inside the hot chamber in which the air temperature is accurately controlled and a steady state condition (±0.1
o
C) is 389 
created. The air temperature in the hot chamber is the same as that in the metering box to minimise heat exchange 390 
between the chambers. A chiller and fans have been installed inside the cold chamber which provides a uniform low 391 
temperature environment. For given air temperatures within the cold and hot chambers the hot box calorimeter 392 
allows an accurate measurement of the heat flow through the panel. The calculation method for the U-value of the 393 
test sample is reported elsewhere [19]. The system error of the guarded hot box calorimeter is ±5% [19].  394 
 395 
 (Fig. 14) (Fig. 15) 396 
 397 
      Two tests were undertaken for the first TVG, i) the three coatings were set at surfaces 2, 3 and 5, which is 398 
referred to as TVG1; ii) the three coatings were set at surfaces 2, 4, and 5, which is referred to as TVG2. As an 399 
example, the isotherms of the TVG2 installed within the guarded hot box calorimeter were measured using an 400 
infrared camera and are presented in Fig. 15, in which the heat conduction through the support pillars indicates the 401 
high vacuum has been achieved.  402 
 403 
      Two tests were undertaken for the second TVG: iii) two coatings were set at surfaces 2 and 3, which is referred 404 
to as TVG3; iv) two coatings were set at surfaces 4 and 5, which is referred to as TVG4. The experimentally 405 
determined U-values are presented in Table 4. The ambient conditions are listed in Table 3. A double vacuum 406 
glazing was fabricated using the pump out method [16] and characterised using the guarded hot box and presented in 407 
Table 2 as a comparison.  408 
 409 
(Table 2) (Table 3) 410 
 411 
      Table 2 shows that the experimentally determined and predicted U-values are in very good agreement. Although 412 
the U-values at the centre-of-glazing area of the 0.4 m by 0.4 m TVG are much lower than that of the DVG, the 413 
difference in U-value of the total glazing areas between the DVG and TVG is less than that at the centre-of-glazing 414 
area. This is because the lateral heat conduction through the edge of TVG is larger than that of DVG, which 415 
compromises the U-value of the total glazing area of the TVG. As there is no low-e coating in the warm side 416 
vacuum gap for TVG3, the edge effect is larger than that for TVG4 which has two low-e coatings in the warm side 417 
vacuum gap.  418 
 419 
5. RESULTS AND DISCUSSIONS 420 
 421 
      The simulated U-values of the 0.4 m by 0.4 m and 1 m by 1 m TVGs with three low-e coatings with emittance of 422 
0.03 and 0.18 are listed in Table 4. Method 1 refers to coatings at surfaces 2, 3 and 5; Method 2 refers to coatings at 423 
surfaces 2, 4 and 5.    424 
 425 
(Table 4) 426 
 427 
      The simulation results show that for both sizes of TVG with three low-e coatings, the TVG with setting method 428 
2 achieved a lower U-value than method 1, i.e. two low-e coatings should be set in the warm side vacuum gap, while 429 
one coating set in the cold side vacuum gap. This is due to the greater thermal resistance of the vacuum gap with two 430 
low-e coatings at the warm indoor environment. With two low-e coatings within a TVG, the U-values at the centre-431 
 of-glazing and total glazing areas of the 0.4 m by 0.4 m and 1 m by 1 m TVG with an emittance of 0.03 and 0.18 432 
when using setting methods 3, 4, and 5 are listed in Tables 5 and 6.  433 
 434 
(Table 5) (Table 6) 435 
 436 
     Tables 5 and 6 show that for both 0.4 m by 0.4 m and 1 m by 1 m TVGs, setting one low-e coating in each of the 437 
vacuum gaps, method 3 gives significantly lower U-value compared to setting both coatings in the same vacuum 438 
gap. The U-values of 0.4 m by 0.4 m TVG with a single coating with emittance of 0.03 and 0.18 at surface 2 or at 439 
surface 5 are listed Table 7. 440 
 441 
(Table 7) 442 
 443 
      Table 7 shows that a single low-e coating at surface 5 gives a lower U-value than when positioned at surface 2, 444 
hence the single coating should be set in the warm side vacuum gap. The location of low-e coatings within the TVG 445 
is significant for achieving a low U-value. The U-value at the centre-of glazing and total glazing areas of 0.4 m by 446 
0.4 m TVG with no low-e coatings are 1.46 W.m
-2
.K
-1
 and 1.70 W.m
-2
.K
-1
 respectively, which are significantly larger 447 
than those of the U-values of the TVG with a single coating at surface 2 or 5. Comparing these U-values to the U-448 
values in table 4, 5, 6 and 7, it can be seen that the reduction in U-value due to the inclusion of the first coating is the 449 
largest, which decreases accordingly with the inclusion of the second, third and fourth coatings.   450 
     The experimentally determined U-values of 0.4 m by 0.4 m TVG with setting methods 1, 2, 4 and 5 are in very 451 
good agreement with the simulation results. The experimental validation for a large sample with dimensions of 1 m 452 
by 1 m will be undertaken in the next stage of the work. 453 
 454 
6. CONCLUSION 455 
       The influence of emittance and location of low-e coatings on the thermal performance of 0.4 m by 0.4 m and 1 456 
m by 1 m TVGs with a 10 mm frame rebate were simulated using a finite volume model. The TVG comprised three 457 
4 mm thick glass panes with two vacuum gaps and a 6 mm wide indium alloy edge seal. In the simulation, the two 458 
vacuum gaps were separated by support pillars with a diameter of 0.3 mm, height of 0.2 mm and spaced at 25 mm. 459 
      The simulations and experimental validation have shown that in a heating dominated climate, when using three 460 
low-e coatings in the TVG, the vacuum gap with two low-e coatings should be set facing the warm side (indoor) 461 
environment; while the vacuum gap with one low-e coating should face the cold side (outdoor) environment. This is 462 
because the vacuum gap with two low-e coatings at the warm side can exhibit higher thermal resistance compared to 463 
the vacuum gap with two low-e coatings at the cold side environment. In a cooling dominated climate, the vacuum 464 
gap with two low-e coatings should be set facing the outdoor (hot) environment, while the vacuum gap with one 465 
low-e coating should face the indoor (cool side) environment.  466 
      When using just two low-e coatings in a TVG, setting one coating in both vacuum gaps gives a significantly 467 
lower U-value compared to setting both coatings in the same vacuum gap. This result is valid for both heating and 468 
 cooling dominated climates. Setting two coatings in the warm side vacuum gap gives a lower U-value than setting 469 
two coatings in the cold side vacuum gap. Using one low-e coating in the TVG compromises the advantage of the 470 
two vacuum gaps, thus it is not practical for a TVG application.  471 
      The location of low-e coatings within the TVG is significant for achieving a low U-value. The first coating in the 472 
vacuum gap at the warm side glass pane is most efficient at reducing radiative heat transfer across the TVG. The 473 
relative impact of the second, third and fourth low-e coatings on reducing the U-value of the TVG decreases 474 
accordingly. This conclusion can be practically applied in the fabrication of TVG. Without incurring extra cost, the 475 
correct setting of low-e coating secures better thermal performance of the TVG.  476 
      477 
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Fig. 1 Schematic diagram of a TVG cross section and heat flow mechanism across the TVG. 
 
Fig. 2 Schematics of a quarter of a unit cell (a) and its thermal network at the central glazing area (b). 
 
Fig. 3 Isotherms of TVG with four 0.03 emittance low-e coatings. 
 
Fig. 4 U-value of the TVGs with four low-e coatings of various emittances.  
 
Fig. 5 U-value at centre-of-glazing and total glazing areas of TVGs with three low-e coatings. 
 
Fig. 6 U-values at the centre-of-glazing and the total glazing areas of the 0.4 m by 0.4 m TVGs with two low-e 
coatings.  
 
Fig. 7 U-values at the centre-of-glazing and the total glazing areas of the 1 m by 1 m TVGs with two low-e 
coatings in setting methods 3, 4, 5. 
 
Fig. 8 Comparison of U-value of TVGs with two 0.03 emittance coatings using different setting methods. 
 
Fig. 9 U-values of 0.4 m by 0.4 m TVGs with one low-e coating in the warm and cold side vacuum gaps. 
 
Fig. 10 U-values of TVGs with one 0.03 emittance low-e coating. 
 
Fig. 11 Comparison of U-values of TVG with one, two, three and four 0.03 emittance coatings.  
 
Fig. 12 Comparison of U-values of TVG with one, two, three and four 0.18 emittance coatings.  
 
Fig. 13 Schematic diagram of TVG fabricated based using an indium edge seal and pump-out technique. 
 
Fig. 14 Guarded hot box calorimeter available at Ulster University. 
 
Fig. 15 Isotherms of TVG2 installed within the guarded hot box calorimeter measured using an infrared camera.  
 
 
List of Figure Captions
Table 1. Simulated thermal performance of TVGs with four low-e coatings.  
 
Glazings with four low-e coatings TVG1 TVG2 
Emittance  0.03 0.18 
Centre of glazing U-value (W.m-2.K-1 ) 0.22 0.41 
Total glazing U-value (W.m-2.K-1 ) 0.64	 0.80 
∆TI,III  (°C) 10.8  9.4  
∆TII,III  (°C) 7.5 5.8  
∆TI,II  (°C) 3.3  3.6  
 
 
Table(s) with Caption(s)
Table 2 Comparison of the predicted and experimentally measured U-values of the TVG with two and three 
0.18 emittance low-e coatings. 
    
 
Number 
of 
coatings  
DVG & TVG Predicted U-value 
(W.m-2.K-1) 
Measured U-value 
(W.m-2.K-1) 
Central 
glazing 
Total 
glazing 
Central 
glazing 
Total 
glazing  
2 DVG 0.85 1.12 0.88 1.16 
3  TVG1 (method 1) 0.50 0.88 0.53 0.91 
TVG2 (method 2) 0.46 0.85 0.48 0.88 
2 TVG3 (method 4) 0.72 1.10 0.77 1.14 
TVG4 (method 5)  0.59 0.97 0.60 0.98 
 
 
Table(s) with Caption(s)
Table 3 Ambient conditions in the guarded hot box calorimeter.  
 
Sample 
type 
Air temperature (
o
C) Surface heat transfer coefficient  
(W.m
-2
.K
-1
) 
Hot box Cold box Hot box Cold box 
DVG 19.0 -0.3 5.79 17.91 
TVG1 18.2 -0.3 6.59 14.94 
TVG2 18.2 -0.3 6.59 15.13 
TVG3 17.5 -0.3 9.41 19.41 
TVG4 17.6 -0.3 8.62 17.12 
 
 
Table(s) with Caption(s)
Table 4 U-values of 0.4 m by 0.4 m and 1 m by 1 m TVGs with three low-e coatings in setting methods 1 and 2. 
 
 0.4 m by 0.4 m TVG U-value (W.m
-2
.K
-1
) 
Low-e coating 
setting method 
Emittance: 0.03 Emittance: 0.18 
Central glazing Total glazing Central glazing Total glazing 
Method 1 0.25 0.66 0.50 0.88 
Method 2  0.23 0.65 0.46 0.85 
 1 m by 1 m TVG U-value (W.m
-2
.K
-1
) 
Method 1  0.24 0.50 0.48 0.72 
Method 2 0.22 0.48 0.45 0.69 
 
 
Table(s) with Caption(s)
Table 5 U-values of the 0.4 m by 0.4 m TVG with emittance of 0.03 and 0.18 in setting methods 3, 4 and 5. 
 
 
Low-e coating 
setting method 
U-value (Wm
-2
K
-1
) 
Emittance: 0.03 Emittance: 0.18 
Central glazing Total glazing Central glazing Total glazing 
Method 3  0.25 0.67 0.57 0.94 
Method 4  0.50 0.93 0.72 1.10 
Method 5  0.33 0.76 0.59 0.97 
 
Table(s) with Caption(s)
Table 6 U-values of the 1 m by 1 m TVG with emittance of 0.03 and 0.18 in setting methods 3, 4 and 5. 
 
Low-e coating 
setting method 
U-value (Wm
-2
K
-1
) 
Emittance: 0.03 Emittance: 0.18 
Central glazing Total glazing Central glazing Total glazing 
Method 3  0.25 0.50 0.56 0.78 
Method 4 0.39 0.68 0.64 0.89 
Method 5  0.33 0.59 0.60 0.83 
 
 
Table(s) with Caption(s)
Table 7 U-values of the 0.4 m by 0.4 m TVG with emittance of 0.03 and 0.18 in setting methods 6 and 7. 
 
Low-e coating 
setting method 
U-value (Wm
-2
K
-1
) 
Emittance: 0.03 Emittance: 0.18 
Central glazing Total glazing Central glazing Total glazing 
Method 6 0.54 0.96 0.87 1.22 
Method 7 0.38 0.80 0.78 1.12 
 
 
Table(s) with Caption(s)
 
 
Fig. 1 Schematic diagram of a TVG cross section and heat flow mechanism across the TVG. 
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Fig. 2 Schematics of a quarter of a unit cell (a) and its thermal network at the central glazing area (b). 
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Fig. 3 Isotherms of TVG with four 0.03 emittance low-e coatings. 
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Fig. 4 U-value of the TVGs with four low-e coatings of various emittances.  
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Fig. 5 U-value at centre-of-glazing and total glazing areas of TVGs with three low-e coatings. 
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Fig. 6 U-values at the centre-of-glazing and the total glazing areas of the 0.4 m by 0.4 m TVGs with two low-e 
coatings.  
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Fig. 7 U-values at the centre-of-glazing and the total glazing areas of the 1 m by 1 m TVGs with two low-e 
coatings in setting methods 3, 4, 5. 
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Fig. 8 Comparison of U-value of TVGs with two 0.03 emittance coatings using different setting methods. 
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Fig. 9 U-values of 0.4 m by 0.4 m TVGs with one low-e coating in the warm and cold side vacuum gaps. 
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Fig. 10 U-values of TVGs with one 0.03 emittance low-e coating. 
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Fig. 11 Comparison of U-values of TVG with one, two, three and four 0.03 emittance coatings.  
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Fig. 12 Comparison of U-values of TVG with one, two, three and four 0.18 emittance coatings.  
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Fig. 13 Schematic diagram of TVG fabricated based using an indium edge seal and pump-out technique. 
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Fig. 14 Guarded hot box calorimeter available at Ulster University. 
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Fig. 15 Isotherms of TVG2 installed within the guarded hot box calorimeter measured using an infrared camera.  
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